This study examined effects of local reductions in mean and pulse pressures on cerebral arterioles in normotensive Wistar-Kyoto rats (WKY) and stroke-prone spontaneously hypertensive rats (SHRSP). WKY and SHRSP underwent clipping of one carotid artery at 1 month of age. At 10-12 months of age, mechanics of pial arterioles were examined in vivo in anesthetized rats. Bilateral craniotomies were performed to expose pial arterioles in the sham and clipped cerebral hemispheres. Stress-strain relations were calculated from measurements of pial arteriolar pressure (servo null), diameter, and cross-sectional area of the arteriolar wall. Point counting stereology was used to quantitate individual components in the arteriolar wall. Received November 16, 1989; accepted September 13, 1990. spite hypertrophy of the vessel wall.5 The increase in arteriolar distensibility may be due, at least in part, to a disproportionate increase in the more distensible elements in the vessel wall, smooth muscle, and elastin.6
than in sham arterioles in both groups of rats (1,403+± 125 versus 1,683+± 125 Mm' in WKY; 1,436±72 versus 1,926±+134 pm2 in SHRSP). There was a correlation between cross-sectional area of the vessel wall and pulse pressure (r2=0.66), but not mean pressure (r2=0.09). During maximal dilatation with EDTA, the stress-strain curve was shifted to the left in clipped arterioles of SHRSP, but not of WKY, which indicates that carotid clipping in SHRSP reduces passive distensibility of cerebral arterioles. The proportion of distensible components in the vessel wall (smooth muscle, elastin, and endothelium) was reduced in clipped arterioles in SHRSP, but not in WKY. These findings suggest that 1) vascular hypertrophy of cerebral arterioles is related more closely to pulse pressure than to mean pressure, and 2) reduction of pial arteriolar pressure completely prevents cerebral vascular hypertrophy and attenuates increases in passive distensibility of cerebral arterioles in SHRSP. (Circulation Research 1991; 68:338-351) C hronic hypertension alters structure and mechanics of cerebral blood vessels. Large cerebral arteries in spontaneously hypertensive rats (SHR) and stroke-prone spontaneously hypertensive rats (SHRSP) develop hypertrophy '-3 and become less distensible.124 In contrast, cerebral arterioles in SHRSP become more distensible, de- spite hypertrophy of the vessel wall. 5 The increase in arteriolar distensibility may be due, at least in part, to a disproportionate increase in the more distensible elements in the vessel wall, smooth muscle, and elastin. 6 Determinants of vascular hypertrophy in chronic hypertension are not clear. Arterial pressure,78 neural stimuli,9-11 humoral factors,12-15 and genetic factors1617 all may contribute to development of hypertrophy. With respect to arterial pressure, Folkow et a18 found that reduction of pressure in the hind limb of SHR attenuated the increase in minimal resistance, which suggests that increases in arterial pressure per se contribute to development of vascular hypertrophy during chronic hypertension. Effects of arterial pressure have not been examined in cerebral blood vessels.
The first goal of this study was to determine whether increases in intravascular pressure per se play an im-Baumbach et al Carotid Clipping and Cerebral Arterioles portant role in the development of hypertrophy of cerebral arterioles in SHRSP. We examined effects of reductions in mean and pulse pressures in pial arterioles by occlusion of one carotid artery. The second goal was to examine effects of pressure on vascular mechanics and composition of cerebral arterioles. Our hypothesis was that reductions in arteriolar pressure might cause a disproportionate reduction in vascular muscle and other compliant components of cerebral arterioles.
Materials and Methods
We studied 10-12-month-old age-matched WistarKyoto rats (WKY) and SHRSP. At 1 month of age, the animals were anesthetized with sodium pentobarbital (25 mg kg`1 body wt i.p.), and a clip was placed on the left common carotid artery. Clips with a gap size of 0.30 mm were made from 2-mm strips of silver sheet. The right carotid artery was exposed but not clipped. Because we could not exclude damage to sympathetic nerves by the carotid clip, the superior cervical ganglia were removed on both sides. All rats had ptosis bilaterally.
About 10 months after carotid clipping, we examined mechanics and composition of first-order pial arterioles. Animals were anesthetized with pentobarbital sodium (50 mg kg`body wt i.p.) and mechanically ventilated with room air supplemented with 02-Paralysis of skeletal muscle was obtained with gallamine triethiodide (20 mg kg`i.v.). Because the animals were paralyzed, we evaluated them frequently for adequacy of anesthesia. Additional anesthesia was administered when pressure to a paw evoked a change in blood pressure or heart rate.
A catheter was inserted into a femoral vein for infusion of drugs and fluids. A catheter was inserted into a femoral artery to record systemic arterial pressure and obtain blood samples, and a catheter was inserted into the other femoral artery to withdraw blood to produce hypotension.
Measurement of Pial Arteriolar Pressure and Diameter
Pressure and diameter were measured in firstorder pial arterioles18 from both the right (sham) and left (clipped) cerebral hemispheres by using an openskull preparation described in detail previously. 5, 6 We have shown previously that first-order pial arterioles in WKY and SHRSP correspond to the arteriolar segment immediately distal to the fourth-order branching point of the middle cerebral artery.5 After the animal was placed in a head holder, the skull was exposed through a 1-cm incision in the skin, the skin edges were retracted with sutures, and ports were placed for inflow and outflow of artificial cerebrospinal fluid (CSF). A dam of dental acrylic was constructed along the exposed portion of the superior artificial CSF, warmed to 37°C, and equilibrated with a gas mixture of 5% C02-95% N2. The composition (mM) of the CSF was KCl 3.0, MgCl2 0.6, CaCl2 1.5, NaCl 131.9, NaHCO3 24.6, urea 6.7, and dextrose 3.7.
The CSF sampled from the craniotomy had a pH of 7.24+0.02 (mean+SEM), Pco2 of 46±3 mm Hg, and Po2 of 61+2 mm Hg. Mean, systolic, and pulse pressures were measured continuously in pial arterioles by using a micropipette coupled to a servo null pressure measuring system ( Figure 1 ). The frequency response of the servo null unit (model 4A, Instrumentation for Physiology & Medicine, Inc., San Diego) is DC to 30 Hz. Pipettes were sharpened to a beveled tip of 2-4 ,um, filled with 1.5 M NaCl, and inserted into the lumen of a pial arteriole using a micromanipulator.
Pial vessels were monitored through a Leitz microscope (NPI x 10 objective; Ernst Leitz Ltd., Rockleigh, N.J.) connected to a closed-circuit video system with a final magnification of x 354. Pial arteriolar diameter was measured from video tapes using a Bioquant image analyzing system (R&M Biometrics, Inc., Nashville, Tenn.) with a precision of 0.4-0.6 ,um. 5 
Experimental Protocol
Approximately 30 minutes after completion of surgery, mean pressure, systolic pressure, pulse pressure, and diameter were measured in pial arterioles in the right and left cerebral hemispheres at prevailing levels of systemic arterial pressure. Vascular smooth muscle of pial arterioles then was deactivated with EDTA in the suffusate (25 mg ml-1). We 
Deternination of Wall Composition
The CSA of the vessel wall was measured histologically from 1-am sections using a light microscope interfaced with the Bioquant image analyzing system described above. Luminal and total (lumen plus vessel wall) CSAs of the arteriole were measured with a digitizing pad by tracing the inner and outer edges of the vessel wall, defined by the luminal surface of endothelium and the abluminal surface of the tunica media, respectively. The CSA of the arteriolar wall was calculated by subtracting luminal from total CSA.
Volume density of smooth muscle, elastin, collagen, basement membrane, and endothelium was quantitated from electron micrographs of the vessel wall, using a method described previously.6 Ultrathin sections of the arteriolar wall were cut on a Reichart Ultracut microtome (Cambridge Instruments, Inc., Cambridge, N.Y.) and stained with phosphotungstic acid (0.25%). Sections were examined with a Hitachi 7000 electron microscope (Hitachi Instruments Inc., Danbury, Conn.). Electron micrographs were taken at a standard magnification of x9,000 and enlarged by a factor of 3 for a final magnification of x27,000. To ensure uniform sampling, the vessel wall was divided into four quadrants of equal size. Two or three electron micrographs were taken randomly in each quadrant for a total of nine or 10 electron micrographs per section.
A standard point counting grid (double square lattice test system D16)22 was used to count the number of points contained within profiles of smooth muscle, elastin, collagen, basement membrane, and endothe- lium. Volume density (Vv) of each component was calculated from the number of points in each component (Pa) and the total number of points contained within the vessel wall (PT): Vv= Pa/PT. The total number of counts per electron micrograph was 344±6 and 306±+7 in WKY sham and clipped arterioles, respectively, and 407±11 and 389±9 in SHRSP sham and clipped arterioles, respectively. The total number of counts per vessel was 3,385 +-162 and 3,029±138 in WKY sham and clipped arterioles, respectively, and 3, 895±227 and 3,688±182 in SHRSP sham and clipped arterioles, respectively. To determine the precision of counting, the relative standard error (SER) of mean volume density was calculated for each component. The relative standard errors for smooth muscle, elastine, basement membrane, and endothelium were less than 10%. The relative standard errors for collagen ranged from 10% to 14%. Thus, the number of points counted achieved a precision (100-SER) of at least 90% for smooth muscle, elastin, basement membrane, and endothelium. The precision obtained for collagen, which was the component with the smallest volume density, was 86-91%. The CSA of individual wall components (CSAC) was calculated from Vv of each component and total CSA (CSAT): CSAc=CSATxVv.
Statistical Analysis
Comparison of relations of pressure-diameter, incremental distensibility, stress-strain, and stresselastic modulus was performed using a univariate repeated measures analysis of variance. (Figure 7 ). In WKY, the stress-strain curve was similar in sham and clipped arterioles (Figure 7, left panel) . In SHRSP, the stress-strain curve of clipped arterioles was shifted to the left of the curve in sham arterioles ( Figure 7, right panel) .
Tangential elastic modulus of sham and clipped arterioles increased linearly with respect to stress in WKY and SHRSP (Figure 8 ). (Figure 9 ) and SHRSP ( Figure 10 ). (Table 2) .
To relate the effects of chronic reduction in PAP on structure to its effects on distensibility of pial arterioles, we calculated the ratio of nondistensible to distensible components in the arteriolar wall, as discussed previously.61" The components used to calculate this ratio in large arteries typically have been limited to collagen and elastin.25 Pial arterioles, however, contain little collagen. Other components of the vessel wall, such as basement membrane, smooth muscle, and endothelium, constitute a greater fraction of the arteriolar wall and may contribute importantly to distensibility of pial arterioles. When basement membrane (BSM) was combined with collagen (C), and smooth muscle (SM) and endothelium (Endo) were combined with elastin (E), may play a more important role than mean pressure in development of cerebrovascular hypertrophy during chronic hypertension. Third, reductions in PAP by carotid clipping attenuate increases in passive distensibility of cerebral arterioles in SHRSP. This finding suggests that increases in pressure per se, rather than genetic factors, may account for increases in passive distensibility of cerebral arterioles in SHRSP. Fourth, a decrease in intravascular pressure produces a disproportionate reduction in the more distensible elements (smooth muscle, elastin, and endothelium) in cerebral arterioles of SHRSP. Thus, proportional composition of cerebral arterioles in SHRSP may be shifted by decreases in intravascular pressure in a direction that favors a reduction in arteriolar distensibility.
Consideration of Methods
The goal of carotid clipping was to lower intravascular pressure in pial arterioles of one cerebral hemisphere while maintaining the same conditions in both hemispheres with respect to neural and humoral regulation of cerebral blood vessels. Because sympathetic nerves modulate structure and mechanics of cerebral arterioles,"1 and because of the close proximity of the internal carotid artery and sympathetic nerves, we concluded that the carotid clip, or fibrosis induced by the clip, might damage sympathetic nerves and thus alter mechanics and structure of pial arterioles independently of reductions in PAP. To ensure that pial arterioles in both cerebral hemispheres were exposed to the same level of sympathetic input during the interval between placement of the carotid clip and examination of arteriolar mechanics and composition, we removed the superior cervical ganglia on both sides at the time the clip was placed.
The method we used to examine mechanics of pial arterioles takes into account several factors that could compromise our calculations of stress, strain, and tangential elastic modulus. These factors include plasma skimming, effectiveness of smooth muscle deactivation, compressibility of the vessel wall, effects of intravascular pressure on vessel length, and definition of original diameter in the determination of strain. With the exception of effects of pressure on vessel length, these factors have been considered in detail previously. (Figure 3 ). The application of point counting methods to cerebral arterioles presents two potential limitations. First, there is a large disparity in volume density of the various wall components, as the arteriolar wall contains more than 70 times as much smooth muscle as collagen. Second, random sampling of the vessel wall may be impeded by heterogeneous distribution of the components within the vessel wall. We have considered both of these factors in detail previously.6
In calculating the ratios of indistensible and distensible elements in the arteriolar wall, we assumed that basement membrane is relatively indistensible. Because the elastic modulus of basement membrane has not been measured, however, we can only speculate about its mechanical characteristics. Our rationale for assuming that basement membrane is relatively indistensible is that basement membrane contains significant amounts of type IV collagen.26,27 Although the fibrillary structure of type IV collagen is not as highly organized as that of types I and III collagen, type IV collagen is organized into fibrils that form a netlike structure. 28 It seems reasonable, therefore, to include basement membrane with the relatively indistensible elements of the vessel wall. Smooth muscle, on the other hand, was included with the relatively distensible elements because its elastic modulus is similar to that of elastin.29 Endothelium was included with the distensible elements because its elastic modulus is assumed to be equal to, or less than, the elastic modulus of smooth muscle.23
Consideration of Previous Studies
Distensibility of basilar artery24 and branches of posterior cerebral artery1 is reduced in SHR and SHRSP as the arterial wall undergoes hypertrophy. In contrast to effects of hypertension on large arteries, distensibility of cerebral arterioles is increased paradoxically in SHRSP, despite hypertrophy of the vessel wall.5 The increase in arteriolar distensibility is accompanied by a disproportionate increase in the more distensible elements of the vessel wall, smooth muscle, and elastin.6 Thus, chronic hypertension alters mechanics and structure of cerebral blood vessels.
Increases in intravascular pressure presumably contribute to alterations in cerebral vascular mechanics and structure during chronic hypertension. This possibility is supported by previous studies in which structure and mechanics of cerebral arteries were examined after treatment of chronic hypertension. In SHR and SHRSP, treatment of hypertension with a ,31-blocker and calcium antagonist attenuated increases in the wall-to-lumen ratio of large cerebral arteries.30 In dogs with two-kidney, one-clip hypertension, reversal of hypertension by nephrectomy partially reversed reductions in the distensibility of carotid artery.31 Treatment of hypertension, however, influences neurohumoral factors, which also may alter mechanics and structure of blood vessels.
Thus, findings based on treatment or reversal of hypertension do not allow unambiguous separation of effects of intravascular pressure from neurohumoral effects on vascular structure and mechanics.
Another approach used to examine effects of intravascular pressure on blood vessels is local reduction of pressure by ligation of upstream vessels. Using this approach in the hind limb circulation of cat, Folkow and Sivertsson32 found that ligation of femoral and epigastric arteries reduced arterial pressure in hind limb by 30-40 mm Hg and resulted in a reduction of both wall-to-lumen ratio and tissue mass in arteries distal to the ligation. This finding suggests that the level of intravascular pressure may be a determinant of vessel wall mass during normotension.
The finding in this study that clipping of the carotid artery produced atrophy of pial arterioles in WKY and attenuated development of hypertrophy in SHRSP suggests that intravascular pressure contributes to development and maintenance of the vessel wall during both normotension and hypertension. Furthermore, the finding that clipping attenuates increases in passive distensibility of the vessel wall in pial arterioles of SHRSP suggests that increases in pressure contribute to alterations in cerebral vascular mechanics during chronic hypertension.
Another consideration is whether an increase in passive distensibility of pial arterioles could have contributed to the increase in pial arteriolar pulse pressure in SHRSP. We think this possibility is unlikely. If passive distensibility is a determinant of pulse pressure in vessels with active tone, we would predict that the increase in passive distensibility of pial arterioles in SHRSP would result in a reduction, rather than an increase, in pial arteriolar pulse pressure. This prediction is based on the finding that a reduction in aortic distensibility in dog results in an increase in aortic pulse pressure.23
Deterninants of Wall Mass
Some of the determinants that may contribute to development of the vessel wall during normotension, and to vascular hypertrophy during chronic hypertension, include intravascular pressure,78 neural stimuli,9-11 humoral agents,12-15 and genetic factors. 16 Previous studies indicate that pulse pressure may be a determinant of vascular growth. Coarctation of the thoracic aorta in monkey34 and dog35 reduces pulse pressure, but not mean arterial pressure, distal to the coarctation. The reduction in pulse pressure is associated with decreased motion of the aortic wall34 and a reduction in DNA and collagen content. 36 In vascular smooth muscle grown in culture, DNA synthesis and rate of growth are greater in cells subjected to cyclic stretching than in cells grown under static conditions.37,38 These findings suggest that alterations in cyclic stretching of smooth muscle may influence cellular and extracellular components in the vessel wall and affect vascular growth.
This study extends the concept that pulse pressure and cyclic stretching of smooth muscle may be a determinant of vascular growth. We have demonstrated that there is a correlation between CSA of the vessel wall and chronic alterations in pulse pressure, but not mean or systolic pressure, in cerebral arterioles of WKY and SHRSP. This finding implies that chronic alterations in pulse pressure may have trophic effects on cerebral blood vessels during normotension and may contribute to the development of cerebral vascular hypertrophy during chronic hypertension. In addition, our finding that the decrease in total CSA of the arteriolar wall results primarily from a reduction in smooth muscle provides support for the hypothesis that cyclic stretching of smooth muscle is an important determinant of cell growth. It is not possible to determine from our data whether alterations in CSA of smooth muscle involve hyperplasia or hypertrophy.
An alternative interpretation of the finding that there is a strong correlation between pial arteriolar pulse pressure and CSA of the arteriolar wall is that hypertrophy may be a cause, rather than an effect, of increases in pulse pressure in pial arterioles of SHRSP. To examine this possibility, we obtained measurements of pulse pressure in pial arterioles of 3-month-old SHRSP and age-matched WKY. The rats had been used in a previous study to examine effects of chronic hypertension on mechanics and composition of cerebral arterioles. Another possible determinant of cerebral vascular growth is blood flow. Local reduction of blood flow reduces diameter and CSA of the vessel wall in carotid artery of young normotensive rabbits39 and rats. 40 The relation between vascular growth and blood flow apparently depends on changes in mean blood flow rather than the pulsatile component of flow.39 Reductions in diameter after restriction of flow may be dependent on endothelium. 41 These findings suggest that chronic alterations in blood flow may influence growth of cerebral blood vessels.
Unilateral occlusion of the carotid artery appears to have minimal effects on cerebral blood flow in rats. Cerebral blood flow was not significantly altered in normotensive rats by either acute42-44 or chronic45 occlusion of one carotid artery. Effects of unilateral occlusion of a carotid artery on blood flow, to our knowledge, have not been examined in SHRSP. In this study, we did not find evidence of cerebral infarction in the cerebral hemisphere ipsilateral to the carotid clip, which suggests that carotid clipping did not profoundly reduce cerebral blood flow in SHRSP. Based on these findings, it is unlikely that reductions in blood flow contributed to reduction of CSA of the vessel wall in clipped pial arterioles in WKY and SHRSP, but we cannot exclude the possibility that flow was reduced in SHRSP after carotid clipping.
Relation of Vascular Mechanics and Composition
An important concept of vascular mechanics is that proportional composition of blood vessels influences passive distensibility of the vessel wall. The concept considers the relation between structure and mechanics of the vessel wall in terms of the elastic moduli of individual wall components. Because elastic modulus is normalized for wall thickness, the contribution of individual wall components is assumed to be proportional to the elastic modulus and volume of each component.23 Thus, when the interrelation of vascular structure and distensibility is analyzed, this concept provides a basis for considering effects of wall composition on vascular mechanics separately from effects of total wall mass.
If the concept that proportional composition of blood vessels influences passive distensibility is valid, then alterations in vascular composition would be expected to alter vascular mechanics. Our findings in this study and previous studies5,6,11 suggest an association between alterations in proportional composi- ity. The implication of these findings is that increases in pressure per se may promote alterations in proportional composition of cerebral arterioles during chronic hypertension, which, in turn, contribute to increases in arteriolar distensibility.
The association of alterations in composition and mechanics of cerebral vessels, however, must be interpreted with caution. The relation of vascular structure and distensibility is complex and undoubtedly depends on factors in addition to proportional composition, including orientation of wall components with respect to vascular circumference and interconnections among the various components.46 In some vessels, therefore, alterations in composition may not be predictive of alterations in vascular mechanics. For example, distensibility of the internal carotid artery is decreased in SHR, despite a reduction in the ratio of collagen to elastin. 25 
Functional Implications
The findings in this study suggest that arterial pressure, and in particular pulse pressure, has trophic effects on cerebral arterioles during normotension and contributes to hypertrophy and increases in passive distensibility of cerebral arterioles during chronic hypertension. These findings may clarify mechanisms that protect cerebral blood vessels during chronic hypertension. The level of arterial pressure observed during chronic hypertension often is sufficiently high that one might predict elevation of cerebral blood flow and disruption of the bloodbrain barrier. In chronically hypertensive animals, however, cerebral blood flow is normal, and the blood-brain barrier is intact.4748 Thus, powerful mechanisms must be present during chronic hypertension that protect cerebral vessels.
Promotion of vascular hypertrophy by increases in arterial pressure may be one mechanism that protects cerebral vessels during chronic hypertension. In a previous study, we examined effects of local reduction in pressure on the blood-brain barrier in SHRSP. 49 The animals were examined several months after a clip was placed on one carotid artery. Removal of the clip reduced the pressure gradient across the clip from 33 to 11 mm Hg. During seizure, disruption of the blood-brain barrier was significantly greater in the cerebral hemisphere ipsilateral to the clip than in the contralateral hemisphere. We speculated that chronic reduction of pressure attenuates development of cerebral vascular hypertrophy in SHRSP and increases susceptibility to disruption of the blood-brain barrier.49 This hypothesis is supported by the finding in this study that chronic reduction of arteriolar pressure in SHRSP attenuates development of hypertrophy in cerebral arterioles. Vascular hypertrophy may protect cerebral blood vessels by attenuating increases in wall stress during acute elevations in arterial pressure.
Another mechanism that may protect cerebral vessels during chronic hypertension is increases in passive distensibility of cerebral arterioles. During hypotension, vascular tone decreases and cerebral vessels dilate. In dilated vessels, diameter is determined in part by distensibility of the vessel wall. During hypotension, a more distensible vessel may dilate more and maintain blood flow more effectively than a less distensible vessel. Increases in passive distensibility of cerebral arterioles, therefore, may increase effectiveness of autoregulation of cerebral blood flow in SHRSP during acute hypotension. Furthermore, because smooth muscle is activated during autoregulatory constriction, and because activation of smooth muscle alters distensibility characteristics of the vessel wall,19,20 it is unlikely that increases in passive distensibility impair the effectiveness of autoregulation during acute hypertension. Thus, during chronic hypertension, increases in passive distensibility may help to protect the brain against acute reductions in arterial pressure without impairing autoregulation during increases in pressure.
